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DETAILED ACTION 

1 . This office action is in response to the Amendment filed March 01 , 2005. 
Accordingly, claim 1 was amended, and claims 2, 7 and 21-23 were cancelled. 

Currently, claims 11, 3-6, 8-20 and 24-26 are pending in this application. 

Claim Rejections - 35 USC § 103 

2. The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all 
obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 

3. Claims 1, 3-6, 8-10, 12-17, 19, 20 and 24-26 are rejected under 35 U.S.C. 103(a) 

as being unpatentable over Acosta et al. (EP 0996028A2) in view of Funada et al. | 
(USPN 4,232,947). 

Re claims 1 , 3 and 4, as shown in Fig. 1 , Acosta et al. discloses a liquid crystal 
device comprising a nematic liquid crystal 3, voltage means for applying a voltage 
across said liquid crystal, and two substrates 1,1' each provided with an alignment 
layer 2, 2' (col. 1, paragraphs 1-5), wherein, as illustrated in Fig. 10: 

said liquid crystal is sandwiched between said two substrates; 

said nematic liquid crystal can be placed in at least one operating state and at 
least one non-operating state (cols. 1 and 2, paragraphs 8 and 9); 
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at least one of said alignment layers is provided with a plurality of surface 
protrusions 8, 8' formed from an anisotropic material as shown in Fig. 10 (cols. 14, 
paragraph 83); and 

said protrusions affect alignment both near the surface where a high pre-tilt in 
region A is produced and within the bulk of the liquid crystal, 

wherein, said liquid crystal is divided into a plurality of pixels each having an 
active region (pixel region), and wherein the active region of each said pixel contains, or 
overlaps with, at least one of said protrusions, so that nucleation occurs within said 
active region (Fig. 10 and col. 14, paragraph 83). 

Re claims 5 and 16, Acosta et al. discloses that at least some of said protrusions 
nucleate said liquid crystal into said operating state from said non-operating state when 
said voltage exceeds a threshold value and said operating and non-operating states are 
topological^ distinct from each other (cols. 1 and 2, paragraph 8 and 9; col. 4, 
paragraph 22; and col. 12, paragraph 73). 

Re claim 6, Acosta et al. discloses that at least some of said protrusions isolate 
said operating state from said non-operating state or from another operating state (col. 
12, paragraph 73). 

Re claim 8, Acosta et al. discloses that said liquid crystal is divided into a plurality 
of pixels and wherein each said pixel is surrounded by at least one of said protrusions, 
so that the pixel is isolated (col. 14, paragraph 83) 

Re claims 9 and 10, Acosta et al. discloses that said nematic liquid crystal is a pi- 
cell or splay bend device (SBD) (col. 1, paragraphs 1-3). 
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Re claim 15, Acosta et al. discloses that the anisotropic protrusions are formed 
from a polymerisable reactive mesogen (cols. 13 and 14, paragraphs 81 and 82). 

Re claims 17 and 19, Acosta et al. discloses that when said voltage is 
substantially zero different regions of said liquid crystal exist in first non-operating state 
(regions A and C) and second non-operating state (region B), and the first non- 
operating state is stabilized by said anisotropic protrusions 8, 8' as illustrated in Fig. 10, 
which is a modification of the device shown in Fig. 8, wherein said first non-operating 
state is the same state as said operating state (col. 9, paragraphs 52-54 and col. 14, 
paragraphs 83-84). 

Re claim 20, Acosta also discloses a method of producing the liquid crystal 
device in Fig. 9 comprising the steps of forming a reactive mesogen layer 8, 8' on 
substrates 1.1", curing said layer by irradiating said layer with UV light through a mask 
to leave said one of said substrates coated with anisotropic protrusions, and forming a 
liquid crystal cell by sandwiching nematic liquid crystal material between said two 
substrates (col. 14, paragraph 82). 

Re claim 24, the protrusions 8, 8' in Fig. 10 of Acosta et al. are trapezoidal 
anisotropic protrusions. 

Acosta et al. discloses a liquid crystal device that is basically the same as that 
recited in claims 1, 3 and 4 except for protrusions having a height which is at least 10% 
or 20% or substantially 50% of the thickness of the liquid crystal. 

As shown in Figs. 4-6, Funada et al. discloses a nematic liquid crystal device 
comprising a multiplicity of protrusions having an anisotropic profile and the height of 10 
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through 10,000 Angstroms (1 micrometer) for the purpose of regulating or defining the 
alignment of the liquid crystal molecules so as to eliminate the degeneration states of 
the liquid crystal molecules (col. 2, lines 61-66). 

As known in the art, the two substrates of the liquid crystal display device are 
typical 1-6 micrometers apart. Accordingly, if the protrusions have a height of 0.6 or 1 
micrometer and the two substrates of the LCD device is 6 or 5 micrometers apart, 
respectively, the protrusions will have the height which is at least 10% or 20% of the 
thickness of the liquid crystal. Similarly, if the protrusions have a height of 1 micrometer 
and the two substrates of the LCD device is 2 micrometers apart, the protrusions will 
have the height which is substantially 50% of the thickness of the liquid crystal. 

Re claims 12-14, Funada et al. discloses that the protrusions are tilted anisotropy 
protrusions (col. 3, lines 32-46) or twisted anisotropy protrusions (col. 3, line 61 through 
col. 4, line 30). 

Finally, re claims 25 and 26, the protrusions in Fig. 4 of Funada et al. are 
triangular or mitre-shaped anisotropic protrusions. 

Thus, it would have been obvious to one having ordinary skill in the art at the 
time the invention was made to modify the device of Acosta et al. with the teaching of 
Funada et al. by forming anisotropic protrusions having a height which is at least 10% or 
20% or substantially 50% of the thickness of the liquid crystal for the purpose of 
regulating or defining the alignment of the liquid crystal molecules so as to eliminate the 
degeneration states of the liquid crystal molecules (col. 2, lines 61-66). 
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4. Claims 1 1 and 18 rejected under 35 U.S.C. 103(a) as being unpatentable over 
Acosta et al. (EP 0996028A2) in view of Funada et al. (USPN 4,232,947) as applied to 
claims 1, 3-10, 12-17, 19, 20 and 24-26 above, and further in view of Ulrich et al. (USPN 
6,618,113 B1). 

The liquid crystal device of Acosta et al. as modified in view of Funada et al. 
above includes all that is recited in claims 1 1 and 18 except for a bistable twisted 
nematic (BTN). 

As shown in Figs. 12 and 16, Ulrich et al. discloses a liquid crystal device 
comprising a bistable twisted nematic (BTN) liquid crystal layer 23 and twisted 
anisotropic spacer walls 10 (col. 7, lines 35-46 and col. 9, lines 43-47) so as to avoid 
substantial reduction in contrast ratio (col. 4, lines 27-32). 

Thus, it would have been obvious to one having ordinary skill in the art at the 
time the invention was made to further modify the liquid crystal device of Acosta et al. 
with the teaching of Ulrich et al. by employing a BTN liquid crystal and twisted 
anisotropic protrusions to create a first non-operating state as T state and improve 
contrast ratio for the display (col. 4, lines 27-32). 

Response to Arguments 

5. Applicants' arguments filed March 01 , 2005 have been fully considered but they 
are not persuasive. 

Applicants argued that Acosta et al. and Funada et al. fail to teach or suggest 
that the active region of each pixel includes, or overlaps with, or is adjacent or close to, 
at least one of the protrusions. The Examiner disagrees with Applicant's remarks since, 
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as shown in Fig. 10, Acosta et al. discloses that the protrusions are provided in regions 
of the liquid crystal cell that correspond to the pixel regions and it would be possible to 
place the nucleation regions within the pixel regions (col. 14, paragraphs 83 and 84). 
Accordingly, the pixel regions of Acosta et al. are to be the active regions which 
includes, or overlaps with, at least one of the protrusions. 

Finally, Funada et al. is referenced for teaching forming anisotropic protrusions 
having a proper height to eliminate the degeneration states on liquid crystal molecules 
and Ulrich et al. is referenced for employing a BTN liquid crystal and twisted anisotropic 
protrusions to create a first non-operating state as T state and improve display contrast 
ratio. 

Conclusion 

6. THIS ACTION IS MADE FINAL. Applicant is reminded of the extension of time 
policy as set forth in 37 CFR 1 .1 36(a). 

A shortened statutory period for reply to this final action is set to expire THREE 
MONTHS from the mailing date of this action. In the event a first reply is filed within 
TWO MONTHS of the mailing date of this final action and the advisory action is not 
mailed until after the end of the THREE-MONTH shortened statutory period, then the 
shortened statutory period will expire on the date the advisory action is mailed, and any 
extension fee pursuant to 37 CFR 1 .136(a) will be calculated from the mailing date of 
the advisory action. In no event, however, will the statutory period for reply expire later 
than SIX MONTHS from the mailing date of this final action. 
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7. Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Thoi V. Duong whose telephone number is (571) 272- 
2292. The examiner can normally be reached on Monday-Friday from 8:30 am to 4:30 
pm. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Robert Kim, can be reached at (571 ) 272-2293. A 
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(54) A liquid crystal display device and a method of manufacture thereof, and a substrate with 
alignment layer and a method of manufacture thereof 



(57) An OCB device comprises upper and lower 
substrates (1, 1*), each provided with an alignment layer 
(2,2*). A liquid crystal layer (3) is provided between the 
substrates. 

The lower substrate (1*) has a low pre-tilt in regions 
A and C, so that an H-state is stable in these regions 
when no voltage is applied across the liq uid crystal layer. 
Region B has a high pre-tilt on the lower substrate V, 



so that a HAN state is stable in region B under zero ap- 
plied voltage. 

When a voltage is applied across the liquid crystal 
layer (3) a V-state is formed at the interface between the 
HAN-state and the H-states. This V-state then displaces 
the H-states in regions A and C. 

The high pre-tilt region, region B, is acting as a nu- 
cleation region. The V-state forms at a lower applied 
voltage than if the nucleation region is not provided. 
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Description 

[0001] The present invention relates to a liquid crystal 
display device, and in particular to a surface mode LCD 
such as a pi-cell device jor a^splay-bend device (SBD). 
The appli^onalso relatesto a method of manufacture 
of these devices. The invention also relates to a sub- 
strate having one region of high pre-tilt and another re- 
gion of lower pre-tilt, and to a method of manufacture of 
such a substrate. 

[0002] The term "surface mode LCD" as used herein 
means a LCD in which the optical change caused by 
varying the electric field across the liquid crystal layer 
occurs primarily in the surface layers of the liquid crystal. 
Examples of surface mode LCDs are the pi-cell and the 
splay-bend device, although other types of surface 
mode LCDs are known. Surface mode LCDs are dis- 
closed in "Sov. J. QE", 1973, Vol 3, p78-79. 
[0003] The pi-cell (otherwise known as ari Optically 
compensated bifefrihgent device" or OCB) is described 
in^Woterysnjq^ VW 113, p329-339, and 

in US patent 4 635 051 .The structure of a pi-cell is sche- 
matically illustrated in Figure 1. The device comprises 
transparent substrates 1, V on which are disposed 
alignment layers 2, 2\ A layer of nematic liquid crystal 
3 is disposed between the substrates 1, V. 
[0004] The alignment layers 2, Z create parallel align- 
ment of the liquid crystal molecules in the liquid crystal 
layer 3 at its boundaries with the alignment layers 2, 2*. 
This can be achieved by using parallel-rubbed polyimide 
alignment layers. 

[0005] Addressing electrodes (not shown) are provid- 
ed on the substrates 1, 1\ so that an electric field can 
be applied to selected areas of the liquid crystal layer. 
The liquid crystal layer 3 is placed between linear polar- 
isers 4, 4\ whose transmission axes are crossed with 
one another and are at 45° to the optic axis of the liquid 
crystal layer. 

[0006] A retarder 5, with its optic axis parallel to the 
optic axis of the liquid crystal layer, may optionally be 
provided to compensate for the retardation of the liquid 
crystal layer. The retarder lowers the required range for 
the operating voltage by allowing zero retardation of the 
LCD to be achieved at a finite voltage across the liquid 
crystal layer. 

[0007] The principle of operation of the pi-cell device 
is illustrated in Figures 2(a) to 2(c). 
[0008] When no electric field is applied across the liq- 
uid crystal layer, the liquid crystal is in an H-state (ho- 
moge nous stat e), in which the liquid crystal molecules 
trrlKe centre of the liquid crystal layer are substantially 
parallel to the substrates. This is shown in Figure 2(a), 
The short lines in the figures represent the director of 
the liquid crystal molecules. 

[0009] When an electric field greater than a threshold 
value is applied across the liquid crystal layer, the liquid 
crystal molecules adopt aV-state (or a bend_s_tate). In 
this state, the liquid crystal molecules in the centre of 



the liquid crystal layer are substantially perpendicular to 
the substrates. Figure 2(b) shows a first V-state which 
occurs at a low applied voltage across the liquid crystal 
layer, and Figure 2(c) shows a second V-state which oc- 

s curs when a higher voltage is applied across the liquid 
crystal layer. The pi-cell is operated by switching the liq- 
uid crystal layer between the first, low voltage V-state 
and the second, higher voltage V-state. 
[0010] If the electric field across the liquid crystal layer 

10 should be reduced below the threshold value, the liquid 
crystal layer will relax to the H-state of Figure 2(a); in 
order to recommence operation of the device, it is nec- 
essary to put the liquid crystal layer back into the V- 
state. This generally requires a large applied voltage, 

15 owing to the low pre-tilt of the liquid crystal molecules. 
The pre-tilt is usually below 45° and typically between 
2 and 10° so as to provide sufficient optical modulation 
and fast switching between the two V-states (for in- 
stance of the order of a millisecond or less). 

20 [0011] One problem with known OCB devices is the 
difficulty of nucleating and stabilising the V-state, which 
is topologically distinct from the H-state. One prior art 
technique is described in UK Patent Application 
9521043.1. In this prior art technique, the V-state is nu- 

25 cleated under the application of a high voltage, and is 
stabilised by the polymerisation of a network whilst a 
high voltage is applied. This prior art technique is, how- 
ever, unsuitable for use in active matrix devices, since 
it is difficult to apply voltages having the required mag- 

30 nitude in a TFT panel. A further disadvantage is that the 
in-situ polymerisation can lead to ionic contamination of 
the liquid crystal layer, and result in image sticking. 
[0012] The SBD device, which is also a surface mode 
device, is described in UK Patent Application No. 

35 9712378.0. The structure of a SBD device is generally 
similar to that of a pi-cell, except that the alignment lay- 
ers in a SBD device have a high pre-tilt whereas the 
alignment layers in a pi cell have a low pre-tilt. An SBD 
device uses a liquid crystal material with a negative di- 

^o electric anisotropy, whereas a pi-cell uses a liquid crys- 
tal material having a positive di-electric anisotropy. 
[0013] The principle of operation of a SBD is illustrat- 
ed in Figures 3(a) to 3(c). When no voltage is applied 
across the liquid crystal layer, a V-state is stable as 

<5 shown in Figure 3(a). When an electric field greaterthan 
a threshold value is applied across the liquid crystal lay- 
er, an H-state becomes stable. Figure 3(b) shows a first 
H-state which occurs at a low applied voltage across the 
liquid crystal layer, and Figure 3(c) shows a second H- 

so state which occurs when a higher voltage is applied 
across the liquid crystal layer. In operation, the device 
is switched between the low voltage H-state of Figure 3 
(b) and the high voltage H-state of Figure 3(c). If the 
electric field across the liquid layer is reduced below the 
55 threshold value, the liquid crystal will relax into the V- 
state, and it will be necessary to put the liquid crystal 
back into the H-state before operation can be recom- 
menced. 
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[0014] The high pre-tilt alignment layers required for 
a SBD can be produced, for example, by the photo-po- 
lymerisation of a mixture of reactive mesogens, as de- 
scribed in UK Patent Application No. 9704623.9. 
[0015] SID 97 Digest, page 739, discloses a method 5 
of promoting nucleation of the V-state in a pi-cell. Volt- 
ages of the order of 20V are applied across the liquid 
crystal layer to switch the liquid crystal from the H-state 
to the V-state. However, it is difficult to provide voltages 
of this magnitude in a TFT (thin film transistor) substrate. 10 

[0016] Japanese published Patent Application JP-A- 
9 90432 (Toshiba) discloses the provision of nucleation 
sites within a pi-cell panel. The nucleation sites are pro- 
vided by including spacer balls or pillars within the pi- 15 
cell panel, and cooling the liquid crystal material from 
an isotropic phase to a nematlc phase while an electric 
field is applied across the panel. This results in some of 
the spacer balls/pillars acting as nucleation sites for 
. growth of the V-state into the H-state. This prior art has 
a number of disadvantages. Firstly, H requires additional 
process steps during fabrication of the panel, since it is 
necessary to align the liquid crystal molecules underthe 
influence of an applied electric field. These additional 
process steps complicate the fabrication of the panel. 
Secondly, some spacer balls/pillars can nucleate the H- 
state into the V-state thus destabilising the operating 
state of the panel. 

[0017] Japanese published Patent Application JP-A- 
9 218411 discloses an LCD having a bend alignment 
state which is stabilised, in the absence of an applied 
field, by the presence of spacers in the form of spherical 
particles. The spacers have a surface energy such that 
liquid crystal molecules adjacent the alignment layers 
are mainly aligned parallel to the alignment Jayers. How- 
ever, in order for this technique to work, a field has to 
be applied during the initial alignment of the device. Al- 
so, the particles cannot be positioned so as to be outside 
the pixel apertures so that the contrast ratio of the dis- 
play is reduced by the presence of the particles. 
[0018] Miwa et al IDW 97-Digest page 739 disclose a 
method of maintaining the stability of a V-state in a pi- 
cell. A resetting period is provided within each frame, 
and the high voltage V-state is addressed in this period. 
This prevents the liquid crystal layer relaxing to the H- 
state when low driving voltages are applied. This does 
not, however, address the initial nucleation of the V-state 
from the H-state. 

[0019] US patent 4 400 060 discloses a liquid crystal 
cell in which the liquid crystal is switched between an H- 
state and a V-state to obtain optical modulation i.e the 
optical state of each pixel is defined by being either in 
the V-state or in the H-state. Pixels defined in the liquid 
crystal layer are separated from one another by a neu- 
tral isolation region, which completely separates a pixel 
from an adjacent pixel. The isolation region is to prevent 
a disclination at the boundary of one pixel drifting into 
an adjacent pixel and causing inadvertent switching of 



the adjacent pixel. The isolation regions are defined by 
varying the pre-tilt of one alignment film. This gives rise 
to a pinned disclination along the whole perimeter or 
boundary of each pixel. 

[0020] US patent 5 781 262 discloses a technique for 
making an LCD in which the liquid crystal layer in each 
pixel has domains of different orientations in order to im- 
prove the viewing angle characteristics. A polyimide ori- 
entation film is subjected to a first rubbing step, after 
which selected portions of the film are masked. The un- 
masked portions are then subjected to a second rubbing 
step in the opposite direction. This technique results in 
an alignment layer which provides very low pre-tilt an- 
gles. 

[0021] US patent 5 757 454 also discloses a tech- 
nique for making an LCD with pixel domains having dif- 
ferent orientations. The alignment layer is initially 
rubbed in a first direction and selected portions are 
masked. The unmasked portions are then rubbed in a 
different direction (not opposite the first direction) so as 
to define the different domain orientations. This results 
in different portions of the alignment layer having differ- 
ent directions of pre-tilt. 

[0022] A first aspect of the present invention provides 
a liquid crystal display device comprising: a liquid crystal 
layer disposed between first and second substrates; 
and means for applying a voltage across the liquid crys- 
tal layer; wherein, when no voltage is applied across the 
liquid crystal layer, a first liquid crystal state is stable in 
a first volume defined in the liquid crystal layer and a 
second liquid crystal state is stable in a second volume 
defined in the liquid crystal layer; and wherein, when a 
voltage greater than a threshold voltage is applied 
across the liquid crystal layer, a third liquid crystal state 
becomes stable in the second liquid crystal volume, 
characterised in that the area of the first substrate cor- 
responding to the first liquid crystal volume does not en- 
close the area of the first substrate corresponding to the 
second liquid crystal volume. 

[0023] The first liquid crystal volume is acting as a nu- 
cleation region, and promotes the change of the second 
liquid crystal volume to the third liquid crystal state. A 
lower applied voltage is required to put the second liquid 
crystal volume in the third liquid crystal state than if the 
nucleation region is not provided. 
[0024] The third stable state may be the same type of 
state as the first stable state. The first liquid crystal state 
may remain stable in the first volume defined in the liquid 
crystal when a voltage greater than the threshold volt- 
age is applied across the liquid crystal layer. 
[0025] The first stable state may be a HAN-state, the 
second stable state may be an H-state, and the third 
stable state may be a V-state. Alternatively, the first sta- 
ble state may be a V-state and the second stable state 
may be an H-state, and the third stable state may be a 
V-state. The device may be a pi - cell. 
[0026] The first stable state may be a HAN-state, the 
second stable state may be a V-state, and the third sta- 
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ble state may be an H-state. Alternatively, the first liquid 
crystal state may be an H-state and the second liquid 
crystal state may be a V-state. The device may be a 
splay-bend device. 

[0027] The area of the first substrate corresponding 
to the first liquid crystal volume may have a different pre- 
tilt than the area of the first substrate corresponding to 
the second liquid crystal volume. The area of the second 
substrate corresponding to the first liquid crystal volume 
may also have a different pre-tilt than the area of the 
second substrate corresponding to the second liquid 
crystal volume. These are straightforward ways to de- 
fine the first and second volumes in the liquid crystal 
region. 

[0028] The first liquid crystal volume may comprise a 
liquid crystal material dispersed in a polymer matrix. 
This represents an alternative way of defining the first 
and second volumes in the liquid crystal layer. 
[0029] The area of the first substrate corresponding 
to the first liquid crystal volume may be completely en- 
closed by the area of the first substrate corresponding 
to the second liquid crystal volume. 
[0030] A second aspect of the present invention pro- : 
vides a method of operating a liquid crystal display de- 
vice comprising the steps of: providing a liquid crystal 
display device having a liquid crystal layer defining first 
and second volumes in the liquid crystal layer such that 
a first liquid crystal state is stable in the first volume de- 
fined in the liquid crystal layer and a second liquid crystal 
state is stable in the second volume defined in the liquid 
crystal layer when no voltage is applied across the liquid 
crystal layer; and applying a voltage across the liquid 
crystal layer such that a third liquid crystal state be- 
comes stable in the second volume defined in the liquid 
crystal layer. 

[0031] The third liquid crystal state may be the same 
type of state as the first liquid crystal state. The first liq- 
uid crystal state may be a V-state and the second liquid 
crystal state may be an H-state, orthe first liquid crystal 
state may be an H-state and the second liquid crystal 
state may be a V-state. 

[0032] The first liquid crystal state may be a HAN- 
state, the second liquid crystal state may be an H-state, 
and the third liquid crystal state may be a V-state, or the 
first liquid crystal state may be a HAN-state, the second 
liquid crystal state may be a V-state, and the third liquid 
crystal state may be an H-state. 
[0033] It can be seen that the principle of this inven- 
tion is quite different from US4 400 060. In this prior art 
document, the liquid crystal regions which do not switch 
when a voltage is applied are the "neutral isolation re- 
gions" , and it is essential that these completely surround 
the active pixel areas of the liquid crystal layer. In con- 
trast, in the present invention, the first liquid crystal re- 
gion - the "nucleation region" - is not required to sur- 
round the second liquid crystal region. Indeed, the first 
liquid crystal region may be completely enclosed by the 
second liquid crystal region. In contrast with the disclo- 
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sure of US 4 400 060, the present invention ensures 
that, at zero applied voltage, a non-pinned disclination 
is present in or in near proximity to each pixel. On ap- 
plication of a voltage, the disclination moves over the 
5 pixel area to initialise one defined operating state, for 
example the V-state or the H-state, which is different 
from the zero voltage state. The optical modulation state 
of each pixel is then defined by the voltage applied to 
this state. 

10 [0034] The present invention allows one or more V- 
state nucleation regions to be fabricated into an OCB 
device. Providing these nucleation regions allows the 
remainder of the liquid crystal region to be put into the 
V-state for a relatively low applied voltage, so that the 

is device is compatible with a TFT panel. The nucleation 
regions are provided by varying an alignment condition, 
for example the surface pre-tilt, over the liquid crystal 
layer. 

[0035] The present invention can also be applied to 
20 other types of surface mode LCDs, such as an SBD de- 
vice. 

[0036] A third aspect of the present invention provides 
a method of manufacturing a substrate comprising the 
steps of: (a) providing a high pre-tilt alignment layer, and 

25 (b) rubbing one or more selected areas of the alignment 
layer so as to reduce the pre-tilt of the rubbed area(s) 
and leaving at least one unseiected area of the align- 
ment layer unrubbed so as to retain the high pre-tilt. 
[0037] The method may comprise the further step of 

30 (c) masking the alignment layer except for the one or 
. more selected areas, the step (c) being carried out be- 
fore the step (b). 

[0038] The un-rubbed alignment layer may have a 
pre-tilt of substantially 90°. This will produce homeotrop- 
35 ic alignment of a liquid crystal layer placed adjacent to 
the alignment layer. Alternatively, the un-rubbed align- 
ment layer may produce a conical alignment condition. 
[0039] The alignment layer may be a polymer align- 
ment film. 

40 [0040] A fourth aspect of the present invention pro- 
vides a substrate produced by a method as defined 
above. 

[0041] A fifth aspect of the present invention provides 
a liquid crystal display device comprising a substrate as 
45 defined above. The device may be a parallax barrier, or 
it may be a HAN device having two or more liquid crystal 
domains. 

[0042] Preferred embodiments of the present inven- 
tion will now be described by way of illustrative exam- 
50 pies with reference to the accompanying Figures, in 
which:- 

Figure 1 is a schematic sectional view of an OCB 
device (pi-cell); 

55 

Figures 2(a) to 2(c) illustrate the principle of opera- 
tion of an OCB device; 
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Figures 3(a) to 3(c) illustrate the principle of opera- 
Hon of an SBD device; 

Figure 4(a) is a schematic sectional view of a first 
embodiment of the present invention; 

Figure 4(b) is a schematic sectional view of a sec- 
ond embodiment of the present invention; 

Figure 5(a)(i) to 5(a)(iii) are schematic plan views 
corresponding to Figure 4(a); 

Figure 5(b)(i) to 5(b)(iii) are schematic plan views 
of the device of Figure 4(b); 

Figures 6(a) to 6(f) are schematic illustrations of a 
method of manufacturing the devices shown in Fig- 
ures 4(a) and 5(a); 

Figure 7 is a schematic sectional view of a further 
embodiment of the present invention; 

Figure 8 is a schematic sectional view of a further 
embodiment of the present Invention; 

Figure 9 is a schematic sectional view of a further 
embodiment of the present invention; 

Figure 1 0 is a schematic sectional view of a further 
embodiment of the present invention; 

Figure 11(a) is a schematic sectional view of a con- 
ventional HAN liquid crystal display device; 

Figure 11(b) is a schematic sectional view of a con- 
ventional multi-domain HAN liquid crystal display 
device; 

Figure 11(c) is a schematic sectional view of a multi- 
domain HAN liquid crystal display device according 
to an embodiment of the present invention; 

Figure 11 (d) is a schematic sectional view of anoth- 
er multi-domain HAN liquid crystal display device 
according to an embodiment of the present inven- 
tion; 

Figure 11 (e) is a schematic sectional view of anoth- 
er multi-domain HAN liquid crystal display device 
according to an embodiment of the present inven- 
tion; 

Figure 12(a) is a schematic sectional view of a par- 
allax barrier according to an embodiment of the 
present invention; 

Figure 12(b) is a schematic sectional view of anoth- 
er parallax barrier according to an embodiment of 



the present invention. 

[0043] A first embodiment of the present invention is 
shown in Figure 4(a). This embodiment is an OCB de- 

5 vice, or pi-cell, and comprises upper and lower sub- 
strates i, reach of which is provided with an alignment 
layer 2. 2*. ITO pixel electrodes 6 are provided on the 
upper substrate 1 , and a common ITO electrode 6* is 
provided over the lower substrate V. 

10 [0044] The upper alignment layer 2 has a constant 
pre-tilt. However, the lower alignment layer 2* does not 
have a constant pre-tilt. Regions A and C have a low 
pre-tilt, whereas region B has a high pre-tilt When no 
voltage is applied across the liquid crystal layer 3, an H- 

15 state is stable in regions A and C. Because of the differ- 
ence in pre-tilt in region B, however, the stable state in 
region B at zero applied voltage is not an H-state. In- 
stead, it is a HAN-state (hybrid aligned nematic state). 
An example of a suitable pre-tilt for regions A and C of 

20 the lower alignment layer Z is 2° to 1 0°. The pre-tilt for 
region B of the lower alignment layer 2' should be at 
least 45°, and should preferably be greater than 80°. 
[0045] When an electncjeld greater than a threshold 
value is applied across the liquid crystal cell of Figure 4 

25 (a), the V-state will form at the interfaces between the 
HAN-state of region B and the H-state of regions A and 
C. Once the V-state has nucleated in this way, it will grow 
to replace the H-states in regions A and C. The provision 
of the "nucleation" region, region B, allows a V-state to 

30 be achieved in regions A and C at a significantly lower 
threshold electric field, and thus at a significantly lower 
applied voltage, than if the nucleation region is not pro- 
vided. Whereas the threshold voltage for switching a 
conventional pi-cell is normally greater th an 10V , it has 

35 been found that providing a nucleation region according 
to the present invention reduces the threshold voltage 
to around 2.5V. 

[0046] When an applied voltage is applied across the 
liquid crystal cell of Figure 4(a), the region B will remain 

<o in a HAN state, although there will be some re-orienta- 
tion of the liquid crystal molecules. At high applied volt- 
ages, most of the molecules in region B will be aligned 
perpendicular to the substrates, with only those mole- 
cules close to the low pre-tilt substrate (i.e., the upper 

*5 substrate In Figure 4(a)) not being aligned perpendicular 
to the substrates. 

[0047] Figure 4(b) is a sectional view showing the 
present invention applied to a SBD device. The SBD de- 
vice of Figure 4(b) again comprises an upper substrate 

so 1 provided with an alignment layer 2. ITO pixel elec- 
trodes 6 are provided on the upper substrate 1. 
[0048] The lower substrate Y is provided with an ITO 
common electrode 6' and an alignment layer 2\ 
[0049] The lower alignment layer 2' does not have a 

55 constant pre-tilt In regions A and C, which substantially 
correspond to the pixel regions of the liquid crystal, the 
pre-tilt is high (at least 45° and preferably greater than 
80°). However, in region B the pre-tilt is low, for example 
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in the range 2°-10°. The upper alignment layer 2 pro- 
vides a constant, high pre-tilt (of at least 45° and pref- 
erably greater than 80°). 

[0050] When no voltage is applied across the liquid 
crystal layer, the stable liquid crystal state in regions A 
and C is a V-state. As a consequence of the different 
pre-tilt of the lower alignment film 2* in region B, howev- 
er, the V-state is not the stable state in region B. Instead, 
a HAN-state is stable in region B. When an operating 
voltage is applied across the liquid crystal layer, an in- 
state forms at the interface between the HAN state of 
region B and the V-state of regions A and C, and sub- 
sequently displaces the V-state in regions A and C! The 
device is then operated as described with reference to 
Figure 3(a) to 3(c). The provision of the low pre-tilt re- 
gion on the lower alignment film 2 means that an H-state 
is nucleated at a lower electric field, and thus at a lower 
applied voltage, than if the low pre-tilt region is not pro- 
vided. This avoids the need to apply a high voltage 
across the liquid crystal layer in order to nucleate the in- 
state. 

[0051] The region B remains in a HAN state when a 
voltage is applied across the liquid layer. As with the de- 
vice of Figure 4(a), however, there will be some re-ori- 
entation of the liquid crystal molecules as a voltage is 
applied. At high applied voltages, the liquid crystal mol- 
ecules in region B will be aligned parallel to the sub- 
strates, except for those molecules close to the high pre- 
tilt substrate (i.e., the lower substrate in Figure 4(b)). 
[0052] The present invention is not restricted to the 
embodiments shown in Figures 4(a) and 4(b). In gener- 
al, the criterion for a suitable nucleation region is that, 
when there is no applied electric field, one Ijguitfcrystal 
st ate is stable in a first reg ion of the liquid crystal layer 
(tfie~hucleation region) and another liquid crystal state 
is stable in a second region of the liquid crystal layer, 
with there being a disclination between the two regions 
of the liquid crystal layer. The stable liquid crystal state 
in the region that is not the nucleation region is not the 
desired operating state, and will be referred to as the 
"undesired stable state". 

[0053] When an electric field greater than a threshold 
field is applied across the liquid crystal layer, the desired 
operating state is obtained in the second liquid crystal 
region as a result of the movement of the disclination, 
from its initial position at the boundary between the nu- 
cleation region and the second region liquid crystal, into 
the second liquid crystal region. This movement of the 
disclination causes the undesired stable state in the sec- 
ond liquid crystal region to be replaced by the desired 
operating state. Once the desired operating state has 
completely replaced the undesired stable state in the 
second liquid crystal region, the disclination is annihilat- 
ed and this further stabilises the desired operating state. 
The desired operating state will remain the stable state 
in the second liquid crystal region as long as the electric 
field is kept above the threshold field. 
[0054] For the example of a pi-cell, the nucleation re- 



gion should have, at some point in its volume, a director 
configuration that is substantially perpendicular to the 
substrates. In the case of an SBD device the nucleation 
region should contain, at some point in its volume, a di- 
5 rector configuration substantially parallel to the sub- 
strates. These director configurations will set up a dis- 
clination in zero applied electric field between the nucle- 
ation region and the second region of the liquid crystal 
layer. 

10 [0055] The reduction in the threshold electric field re- 
quired to switch a liquid crystal cell of the present inven- 
tion arises because the disclination is present at the 
boundary between the nucleation region and the second 
liquid crystal region even when there is no applied elec- 
ts trie field across the liquid crystal layer. When an electric 
field is applied, it has only to initiate and maintain the 
movement of the disclination. In contrast, in a prior art 
liquid crystal cell that does not have a nucleation region, 
it is necessary for the applied electric field first to gen- 
20 erate the disclination, and this requires a large electric 
field. 

[0056] The state that is stable in the nucleation region 
of the liquid crystal layer at zero applied field will remain 
stable in the nucleation region when an electric field is 

25 applied. In the embodiment of Figure 4(a), for example, 
the stable state in the nucleation region is always a HAN 
state. The applied field may, however, alter the director 
of the liquid crystal molecules in the nucleation region. 
[0057] It is not necessary for the nucleation region to 

30 extend over the entire thickness of the liquid crystal lay- 
er. Indeed, the nucleation region in, for example, Figure 
4(a) can be considered as not extending over the whole 
thickness of the liquid crystal layer. The director of the 
liquid crystal molecules near the un-patterned (i.e., up- 

35 per) substrate 1 is substantially parallel to the sub- 
strates, so that the liquid crystal near the upper sub- 
strate in region B does not act as a nucleation region. 
[0058] Figure 5(a) is a plan view illustrating some pos- 
sible arrangements of the H-state regions and the HAN 

^0 state regions of the device of Figure 4(a) when no volt- 
age is applied across the liquid crystal layer, in Figure 
5(a)(i) the shaded H-state region corresponds to the pix- 
el region, and the FJWFstate regicms are the inter-pixel 
regions.that are shown extending vertically in Figure 5 

45 (a)(i). The inter-pixel regions that are shown as horizon- 
tally extending in Figure 5(a)(i) are H-state regions. 
[0059] The arrangement shown in Figure 5(a)(ii) is 
similar to that shown in Figure 5(a)(i), except that the 
HAN regions 7, T now occupy the horizontally extending 

50 inter-pixel regions, with the vertically-extending inter- 
pixel regions being H-state regions. 
[0060] In Figure 5(a)(iii), the majority of the area of the 
inter-pixel regions is H-state. The HAN-state regions are 
confined to four small regions 9, one positioned at each 

55 comer of the pixel. If this embodiment is used, 30|im x 
30pm HAN - state regions are found suitable for a 
300nm x 300p'm pixel size. 

[0061] Figure 5(b) corresponds to Figure 5(a), but re- 
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lates to the SBD device of Figure 4(b). 
[0062] One method of producing a device according 
to the invention will now be described with reference to 
Figures 6(a) to 6(f)- In this method, the lower alignment 
film is made of Nissan Chemical Industries* polyimide 
RN-715 (type 0621). An unrubbed layer of this material 
gives a 90° pre-tilt, whilst rubbing reduces the pre-tilt. 
Depending upon the rubbing conditions, the pre-tilt can 
be reduced to as low as 4°. A layer 12 of RN-715 poly- 
imide dissolved at a ratio of 1 :3 in NMP was spun onto 
a clean glass substrate V coated with an ITO layer 6*. 
The polyimide was spun onto the substrate at Skrpm for 
30 seconds, after which the polyimide was heated to 
90°C for two minutes and then cured at 250°C for one 
hour. This is shown in Figure 6(a). 
[0063] The layer 12 of polyimide was then spun coat- 
ed with a layer 13 of positive photo-resist (photo-resist 
Microposit S1805 series from Shipley, Europe Limited) 
at 4.5krpm for 40 seconds, to give a photo-resist layer 
having a thickness of around 500nm. The photo-resist 
layer was then given a soft bake of around 2 minutes at 
95°C to evaporate the solvent (Figure 6(b)). The photo- 
resist layer 13 was then patterned by irradiating selec- 
tive parts of the photo-resist layer. The irradiation step 
involved a 3.5 second exposure to UV light (having a 
peak wave length of 365nm) at an intensity of 6.9mW/ 
cm 2 . The radiation step was carried out through a UV- 
chrome photo-mask in the hard contact mode of a mask 
aligner. The photo-resist layer was then developed for 
one minute using the developer Microposit 351 CD31. 
to remove the photo-resist from the regions exposed to 
UV light. This left a positive reproduction of the photo- 
mask pattern formed in the photo-resist (Figure 6(c)). 
The substrates were then thoroughly rinsed in de-ion- 
ised water for 2 minutes, to ensure complete removal of 
the exposed photo-resist. 

[0064] A low pre-tilt, planar alignment was induced in 
the unmasked regions by rubbing the alignment layer 
three times with a rubbing cloth (YA-20-R), on a roller 
rotating at 3krpm at a pile deformation of 0.3 and with a 
forward speed of 20mm/s (Figure 6(d)). 
[0065] The remaining photo-resist was then removed 
by immersing the substrate in acetone for 30 seconds 
and subsequently drying it in a stream of nitrogen gas. 
The resultant alignment layer contained regions of high 
pre-tilt. (which correspond to the unrubbed regions) and 
regions having a low pre-tilt (corresponding to the 
rubbed regions). 

[0066] A second substrate was produced by dispos- 
ing a layer 2 of RN-715 polyimide on a glass substrate 
1 provided with ITO pixel electrodes (not shown in Fig- 
ure 6(f)). The polyimide layer was uniformly rubbed to 
provide a non-patterned, uniform low pre-tilt across the 
alignment layer. This substrate was then combined with 
the substrate of Figure 6(e) to produce a Sum cell gap 
parallel liquid crystal cell as shown in Figure 6(f). The 
cell was filled with MLC6000-100 nematic liquid crystal 
cell (supplied by Merck). When no voltage was applied 



across the liquid crystal layer, the cell consisted of re- 
gions of H-state separated by regions of HAN state. 
When a voltage of around 2.5V was applied across the 
liquid crystal layer, the V-state formed at the interfaces 
5 between the HAN-state regions and the H-state regions, 
and grew to replace the H-state. 
[0067] In an alternative fabrication method, the RN- 
715 polyimide (type 0621) is spun undiluted at Skrpm 
for 30 seconds onto a glass substrate coated with an 
ITO layer. The polyimide is then heated to 90°C for 5 
minutes and is then cured at 250°C for one hour. 
[0068] The layer of polyimide is then spin coated with 
a positive photo-resist, selectively irradiated, devel- 
oped, and rinsed in de-ionised water as in the method 
described above. 

[0069] A planar alignment is then induced in the un- 
masked regions by rubbing the alignment layer four 
times with a rubbing cloth (YA-20-R). The rubbing is car- 
ried out on a 50mm diameter roller, rotating at 3krpm, at 
a pile deformation of 0.2 and with a forward speed of 
20mm/s. 

[0070] The remaining photoresist is then removed by 
a five second UV flood exposure. This is carried out at 
an intensity of O^mW/cm 2 at a wavelength of 365nm, 
using a mask aligner, without a mask. The substrate is 
then immersed in developer Microposit 351 CD31 for 
sixty seconds. The substrate is then rinsed for two min- 
utes in de-ionised water and is then dried in a nitrogen 
stream. The resultant patterned alignment layer con- 
tains homeotropic regions, which are surrounded by pla- 
nar regions having 14° pre-tilt 
[0071] This process differs from the process de- 
scribed above principally in that the step of immersing 
the substrate in acetone to remove the photo-resist is 
eliminated. This is advantageous, since immersing the 
substrate in acetone makes it difficult to control precisely 
the pre-tilt of the rubbed polyimide. 
[0072] Figure 7 shows a further embodiment of a OCB 
device according to the present invention. This embod- 
iment is a modification of the embodiment of Figure 4(a). 
[0073] In the device shown in Figure 7, both the upper 
and lower alignment films 2, Z have varying pre-tilt. Both 
the alignment films have a high pre-tilt in region B. and 
a low pre-tilt in regions A and C. In consequence, a V- 
state is stable in region B even when no voltage is ap- 
plied across the liquid crystal layer. When a voltage is 
applied across the liquid crystal layer, the V-state grows 
from region B into the adjacent regions A and C 7 The 
device is then operated as normal, between the states 
illustrated in Figures 2(b) and 2(c). 
[0074] The pre-tilt in the nudeation region, region B, 
is chosen such that at least part of the liquid crystal layer 
in the nudeation region has its director aligned perpen- 
dicular to the substrates (that is, the nudeation region 
contains a volume of homeotropic alignment). It need 
not be the same on both substrates - if the pre-tilt at one 
substrate is (90 - 9)°, the pre-tilt at the other substrate 
should be greater than 9°. The pre-tilt is preferably 
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greater than 45° on both substrates, and is preferably 
greater than 80°. Such pre-tilts will indu ce ho meotropic 
alignment within a volume of the liquid crystal in the nu- 
cleation region. It is possible for the pre-tiit in region B 
to be substantially 90° at both substrates, and this will 5 
cause homeotropic alignment over the whole thickness 
of the liquid crystal layer in region B. 
[0075] A suitable pre-tilt for regions A and C is 2°-1 0°. 
The pre-tilts on the two substrates do not need to be the 
same. The acceptable difference in pre-tilt between the 10 
two substrates depends on the pre-tilt For example, a 
2° pre-tilt on one substrate would require the pre-tilt on 
the other substrate to be in the range of approximately 
1° - 3° to obtain effective operation. If one substrate had 
a pre-tilt of 20° in region A or C, however, the other sub- *5 
strate could have a pre-tilt in the range of about 15° - 
25°. 

[0076] Although the embodiment of Figure 7 has a nu- 
cleation region in which the V-state is stable when no 
voltage is applied, it is possible to produce a HAN n u.- *o 
cleation region. 

[0077] Figure 8 shows a further embodiment of a SBD 
device. This corresponds generally to the OCB illustrat- 
ed in Figure 7. 

[0078] In the SBD device shown in Figure 8, the upper 25 
and lower alignment layers 2, 2 both have a low pre-tilt 
in region B, and a high pre-tilt in regions A and C. Thus, 
an H -state is stable in region B even when no vo ltage is 
applied across the liquid crystal lay er. A Vstate is stable 
in regions A and C at zero j pplied voltage. Once the so 
lower operating voltage is applied across the liquid crys- 
tal layer, the H s tate grows out from region B into regi ons 
A andC, and th e device can then be operated as nonnal 
betwee n the states shown in Figures 3 (h) and 3(r) |n 
contrast to the prior art devices, there is no need to apply 35 
a high voltage in order to nucleate the H-state. 
[0079] If the pre-tilt at one substrate in region B is 9°, 
the pre-tilt at the other substrate should be less than (90 
- 9)°. The pre-tilt in region B is preferably less than 45° 
on both substrates, and is preferably less than 10°. A *o 
suitable pre-tilt for regions A and C is 80°-89° (as with 
a pi-cell, the pre-tilt need not be identical at the two sub- 
strates). 

[0080] The devices shown in Figures 7 and 8 could 
be produced by the method described above with refer- <5 
ence to Figure 6(a) to 6(e). It would be necessary for 
the alignment layers on both the upper and lower sub- 
strates to be selectively rubbed to create regions of high 
pre-tilt and regions of low pre-tilt 

[0081] A modification of the dev ice shown in Figure 7 50 
is illu stratedT n Figure 9. The angnrromoftttlTIquid crys- 
tal mblecules*ifTfegions A, B and C of Figure 9 corre- 
sponds to that of Figure 7. However, the varying pre-tilt 
on the substrates is not produced by selectively rubbing 
the alignment layers. In the device illustrated in Figure 55 
9, the high pre-tilt regions are provided by a layer of r e- 
active mes ogen 8, 8', disposed on the alignment films 
2,Zrnie~atignment films 2.2" are low pre-tilt alignment 



films, produced for example by uniformly rubbing a poly- 
imide substrate as described above. 
[0082] One method of producing the reactive mes- 
ogen layers 8,8' of Figure 9 is to spin a mixture of the 
acrylate reactive mesogen niateriajs RM 257,-and RM 
305 (producecfby* Merck Limited) onto thelow pre-tilt 
rubbed polyimide alignment film. The reactive mesogen 
materials are then cured by radiation with UV light. The 
rea ctive mesogen layers 8, 8' wi ll produce a high pre- 
tilt, in the region of 80°, as described in co-pending UK 
Patent Application No. 9704623.9. 
[0083] Figure 10 illustrates how the use of reactive 
mesogen layers can be applied to a SBD device. The 
device of Figure 10 is similar to the device of Figure 8, 
except that the high pre-tilt regions are produced by dis- 
posing layers of reactive mesogen 8, 8' onto alignment 
layers 2, 2' that have a uniform low pre-tilt In Figure 10, 
the reactive mesogen layers 8, 8* are provided in regions 
of the liquid crystal cell that correspond to the pixel re- 
gions, whejreas in the device of Figure 9 the reactive me- 
sogenTayers are provided in the inter-pixel regions. 
[0084] In the embodiments described above, the nu- 
cleation regions have been placed in the inter-pixel 
gaps. However, this is not an essential feature of the 
invention. It would be possible to place the nucleation 
regions within the pixel region s. 
[0085] The method illustrated in Figures 6(a) to 6(e) 
will produce an alignment film having regions of low pre- 
tilt and regions of high pre-tilt. Such a substrate has oth- 
er applications than the devices described in Figures 4 
to 8 above. For example, such a substrate could be used 
to produce a multi-domain HAN liquid crystal device as 
shown in Figure 11(c). 

[0086] Multi-domain HAN LCDs are known, and an 
example of a conventional multi-domain HAN LCD is 
shown in Figure 11(b). This comprises a liquid crystal 
layer 13 disposed between upper and lower substrates 
11,11'. The upper substrate 11 is provided with an align- 
ment layer (not shown) that has a uniform pre-tilt of 90° 
over the whole alignment layer, and produces homeo- 
tropic alignment of the liquid crystal molecules. The low- 
er substrate 11' is provided with an alignment layer (not 
shown) that does not have a uniform pre-tilt. While the 
amount of pre-tilt provided by the alignment film on the 
lower substrate 11' is, in principle, the same in regions 
A and B, the alignment direction of liquid crystal mole- 
cules near the lower substrate 11 differs between region 
A and region B. 

[0087] A conventional multi-domain HAN LCD as 
shown in Figure 11(b) has improved viewing angle char- 
acteristics compared with a conventional single-domain 
HAN LCD, such as that shown in Figure 11(a). (In the 
single-domain HAN LCD of Figure 11(a), the amount 
and direction of pre-tilt are uniform over the whole of the 
alignment film (not shown) on the lower substrate 11' as 
well as over the whole of the alignment film on the upper 
substrate 11 .) However, there are practical problems in 
fabricating the multi-domain HAN of Figure 11(b). 
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[0088] If the alignment layer on the lower substrate of 
the device of Figure 11 (b) is patterned by a rubbing proc- 
ess then a multi-step rubbing process would be used. 
Firstly, the entire alignment film would be rubbed to give 
the pre-tilt for region A. Region A would then be masked, 
and there would be a second rubbing step to produce 
the desired pre-tilt for region B. It can thus be seen that 
region B undergoes two rubbing treatments, whereas 
region A undergoes only one rubbing treatment, and the 
pre-tilt will be different in the region rubbed only once 
than in the region that is rubbed twice. Although this dif- 
ference in pre-tilt maybe small, it will nevertheless result 
in region A appearing optically different from region B 
when the device is viewed at normal incidence. Moreo- 
ver, the two regions may also have different operational 
characteristics such as, for example, switching speeds. 
[0089] Figure 11(c) shows a multi-domain HAN LCD 
according to an embodiment of the present invention. In 
this device, the alignment film (not shown) on the upper 
substrate 11 has 90° pre-tilt in region A but a low pre-tilt 
in region B. Conversely, the alignment film (not shown) 
on the lower substrate 11 ' has a low pre-tilt in region A 
but a 90° pre-tilt in region B. This means that the liquid 
crystal layer 12 has a symmetric configuration, so that 
the regions A and B will appear the same when the de- 
vice is viewed at normal incidence. Regions A and B will 
also have the same operational characteristics as one 
another. 

[0090] A further important advantage of the invention 
is that the alignment layers on the upper and lower sub- 
strates should pin (trap) ions to a similar extent. This is 
because the pre-tilt varies across the two alignment lay- 
ers in the same way, and also because the two align- 
ment layers have been subjected to the same process- 
ing treatments. The pinning of ions should thus "average 
out" between the two alignment films, and this will re- 
duce the sticking of images during operation of the de- 
vice. 

[0091] Yet another advantage of the invention relates 
to the prevention of polarisation of the liquid crystal. The 
flexo-electric effect in nematic liquid crystal materials 
can cause a polarisation Ps, if a liquid crystal material 
undergoes a splay or bend deformation such as that in 
the HAN configuration of the devices shown in Figures 
11(a) to 11(c). This polarisation is represented by the 
arrows in Figures 11(a) to 11(c). It can be seen that the 
polarisations induced in the two regions of the device of 
Figure 11(b) are accumulative throughout the cell, 
whereas the polarisations induced in the two regions of 
the device of Figure 11(c) approximately cancel one an- 
other out in the direction across the liquid crystal layer. 
[0092] Figure 11(d) shows a modification of the em- 
bodiment of Figure 11(c). The region A of the device of 
Figure 11(d) is the same as the region A of the embod- 
iment of Figure 11(c). The direction of pre-tilt (relative to 
the normal to the substrate) of region B of Figure 11(d) 
near the upper substrate is reversed compared to the 
direction of pre-tilt of region B in Figure 11(c). Thus, in 



the device of Figure 11(d) the liquid crystal molecules 
near the upper substrate in region B are approximately 
parallel to the liquid crystal molecules near the lower 
substrate in region A. The polarisation vectors of the two 
5 regions are therefore directed in opposite directions, so 
that the resultant overall polarisation is, in principle, ze- 
ro. 

[0093] A further embodiment of a multi-domain HAN 
LCD according to the invention is shown in Figure 11(c). 

10 This device is similar to that of Figure 11(c), but has four 
liquid crystal regions A, B, C and D. Both the upper and 
lower alignment layers 12, 12' contain alternate regions 
of low pre-tilt and 90° pre-tilt. The substrates are ar- 
ranged such that a 90° pre-tilt region on the upper align- 

1S ment layer is directly over a low pre-tilt region on the 
lower alignment layer, and such that low pre-tilt regions 
on the upper alignment layer are placed directly over 
90° pre-tilt regions on the lower alignment layer. The re- 
gions A, B, C, D shown in Figure 11(e) all have a stable 

20 HAN liquid crystal state, but the HAN state in regions A 
and C is inverted compared to the HAN state in regions 
B and D. 

[0094] The fabrication method of Figure 6(a) to 6(e) 
can also be applied to the production of a liquid crystal 
25 cell structure suitable for a parallax barrier such as the 
parallax barrier described in co-pending UK patent ap- 
plication No. 9713985.1. Examples of such structures 
are shown in Figure 12(a) and Figure 12(b). 
[0095] Figure 12(a) shows a liquid crystal cell struc- 
30 ture suitable for a parallax barrier. It comprises a layer 
23 of liquid crystal material disposed between upper and 
lower substrates 21 ,21'. Each substrate is provided with 
an alignment layer 22,22*. As with the device of Figure 
11(d), each alignment layer produces alternate regions 
35 of low pre-tilt and 90° pre-tilt; however, the substrates 
are arranged such that a 90° pre-tilt region on the upper 
alignment layer is directly over a 90° pre-tilt region on 
the lower alignment layer, and such that low pre-tilt re- 
gions on the upper alignment layer are placed directly 

40 over low pre-tilt regions on the lower alignment layer. 
[0096] The liquid crystal material is selected such that 
the product of its birefringence and the its thickness in 
the low pre-tilt regions B, D, F, H is the same as the prod- 
uct of the birefringence and thickness of a half wave 

<s plate for a wavelength in the middle of the visible spec- 
trum (i.e., for a wavelength of 5OO-600nm). 
[0097] To form a parallax barrier the liquid crystal cell 
of Figure 12(a) is placed between, and parallel with, 
crossed linear polarisers. The h omeotropic r egions A, 

50 C, E, G, 1 will appear dark, and the low pre-tilt regions 
B, D, F, H will appear bright. As known to a skilled per- 
son, such a structure can be used as a parallax barrier 
in a 3D autostereoscopic display. The sizes of the home- 
otropic regions A, C, E, G, I and the low pre-tilt regions 

55 B, D, F, H can be selected to correspond with the size 
of, and spacing between, the pixels of the display. 
[0098] The alignment direction of the liquid crystal 
molecules in the low pre-tilt regions is preferably at an 
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azimulhal angle of 45° to the transmission axis of the 
polarisers, since this produces the highest transmission. 
However, one advantageous feature of this invention is 
that a good dark state is obtained even if the azimuthai 
angle is not precisely 45°. For example, if the azimuthai 5 
angle were 30°. the transmission of the bright state 
would be reduced to % of its value for the ideal case of 
a 45° azimuthai angle, whilst the dark state remains un- 
changed. This tolerance allows the fabrication of an 
autostereoscopic display to concentrate on obtaining 10 
good alignment between the parallax barrier and the pix- 
els of the underlying display panel so as to reduce Moire 
effects. 

[0099] Figure 12(b) shows another liquid crystal de- 
vice suitable for use as a parallax barrier. This has just is 
a single substrate 21\ which is provided with an align- 
ment Iayer22' having alternate regions of lowpre-tiltand 
90° pre-tilL A layer 24 of photopolymerisable liquid crys- 
tal material is disposed over the substrate. This is pho- 
topolymerised to produce alternate regions of vertical 20 
alignment of the liquid crystal molecules and horizontal 
alignment of the liquid crystal molecules. The regions of 
vertical alignment of the liquid crystal molecules are ar- 
ranged over the regions of 90° pre-tilt of the alignment 
layer 22\ and the regions of horizontal alignment of the 25 
liquid crystal molecules are arranged over the regions 
of low pre-tilt of the alignment layer 22V 
[01 00] A further embodiment of the present invention 
(not illustrated) relates to another liquid crystal device 
having nucleation regions as described above with ref- so 
erence to, for example, Figures 4(a) and 4(b). In this 
embodiment, however, the nucleation regions are not 
provided by varying the pre-tilt of at least one of the 
alignment layers. Instead, the alignment layers have a 
uniform pre-til Small regions of the liquid crystal layer 35 
are put into the operating state (that is. the V-state for a 
pi-cell and the H-state for a SBD device), and these re- 
gions of the liquid crystal layer are then polymerised to 
fix these regions in the operating state. Unlike the case 
for the prior art described above, only the nucleation re- *o 
gions are polymerised - the remaining areas of the liquid 
crystal layer are not polymerised. 
[0101] The polymerisation can be carried out, for ex- 
ample, by the method described in co-pending UK pat- 
ent application No. 9521043.1 . In this method, the liquid <s 
crystal layer is a mixture of a liquid crystal compound 
and a pre-polymer. An electric field is applied across the 
liquid crystal layer to put the liquid crystal into a prede- 
termined state (such as a V-state in the case of a pi- 
cell). The liquid crystal is held in this state while selected 50 
regions of the pre-polymer are polymerised or cross- 
linked by, for example, irradiation with UV radiation. The 
polymer stabilises the predetermined liquid crystal state 
in the irradiated regions, so that the predetermined state 
is stable in these regions even when the electric field is 55 
removed. The un-irradiated regions are not affected. 
When the electric field is removed, the liquid crystal in 
the un-irradiated regions will relax back to the state that 



is normally stable in the absence of an applied field. 
[0102] If the present invention is applied to an active 
matrix pi-cell, each pixel can include a nucleation region 
in its active area. Either a HAN-state or a homeotropic 
state is stable in the nucleation region when no voltage 
is applied across the liquid crystal layer. 
[0103] In the case of a full colour device in which each 
pixel is divided into 3 sub-pixels, each sub-pixel may be 
provided with a nucleation region in its active area. 
[0104] In the embodiments of, for example, Figures 
11(e) and 12(a), the high pre-tilt regions of the lower 
alignment film have a homeotropic alignment (that is, a 
pre-tilt of 90°). These regions could alternatively have a 
high pre-tilt conical alignment condition. 



Claims 

1. A liquid crystal display device comprising: a liquid 
crystal layer (3) disposed between first and second 
substrates (1, 1'); and means (6, &) for applying a 
voltage across the liquid crystal layer (3); 

wherein, when no voltage is applied across the 
liquid crystal layer (3), a first liquid crystal state 
is stable in a first volume (B) defined in the liquid 
crystal layer (3) and a second liquid crystal 
state is stable in a second volume (A, C) de- 
fined in the liquid crystal layer (3); and 
wherein, when a voltage greater than a thresh- 
old voltage is applied across the liquid crystal 
layer (3), a third liquid crystal state becomes 
stable in the second liquid crystal volume (A, 
C). 

characterised in that the area (7, 7', 9) of the 
first substrate (V) corresponding to the first liquid 
crystal volume (B) does not enclose the area of the 
first substrate (V) corresponding to the second liq- 
uid crystal volume (A, C). 

2. A device as claimed in claim 1 , characterised in that 
the third stable state is the same type of state as 
the first stable state. 

3. A device as claimed in claim 2, characterised in that 
the first liquid crystal state remains stable in the first 
volume (B) defined in the liquid crystal (3) when a 
voltage greater than the threshold voltage is applied 
across the liquid crystal layer (3). 

4. A device as claimed in claim 1 . characterised in that 
the first stable state is a HAN-state, the second sta- 
ble state is an H-state, and the third stable state is 
a V-state. 

5. A device as claimed in claim 2 or 3, characterised 
in that the first stable state is a V-state, the second 
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stable state is an H-state, and the third stable state 
is a V-state. 

6. A device as claimed in any preceding claim, char- 
acterised in that the device is a pi - cell. 

7. A device as claimed in claim 1 , characterised in that 
the first stable state is a HAN-state, the second sta- 
ble state is a V-state, and the third stable state is an 
H-state. 

8. A device as claimed in claim 2 or 3, characterised 
in that the first liquid crystal state is an H-state and 
the second liquid crystal state is a V-state. 

9. A device as claimed in claim 1, 2, 3, 7 or 8. charac- 
terised in that the device is a splay-bend device. 

10. A liquid crystal display device as claimed in any pre- 
ceding claim, characterised in that the area (7, 7\ 
9) of the first substrate (V) corresponding to the first 
liquid crystal volume (B) has a different pre-tilt than 
the area of the first substrate (V) corresponding to 
the second liquid crystal volume (A, C). 

11. A liquid crystal display device as claimed in claim 
10, characterised in that the area of the second sub- 
strate (1) corresponding to the first liquid crystal vol- 
ume (B) has a different pre-tilt than the area of the 
second substrate (1) corresponding to the second 
liquid crystal volume (A, C). 

12. A device as claimed in any of claims 1 to 9, charac- 
terised in that the first liquid crystal volume (B) com- 
prises a liquid crystal material dispersed in a poly- 
mer matrix. 

13. A device as claimed in any preceding claim, char- 
acterised in that the area (7, 7', 9) of the first sub- 
strate (V) corresponding to the first liquid crystal 
volume (B) is completely enclosed by the area of 
the first substrate (V) corresponding to the second 
liquid crystal volume (A, C). 

14. A method of operating a liquid crystal display device 
comprising the steps of: providing a liquid crystal 
display device having a liquid crystal layer (3); de- 
fining first and second volumes in the liquid crystal 
layer (3) such that a first liquid crystal state is stable 
in the first volume (B) defined in the liquid crystal 
layer (3) and a second liquid crystal state is stable 
in the second volume (A, C) defined in the liquid 
crystal layer (3) when no voltage is applied across 
the liquid crystal layer (3); and applying a voltage 
across the liquid crystal layer (3) such that a third 
liquid crystal state becomes stable in the second 
volume (A. C) defined in the liquid crystal layer (3). 



15. A method as claimed in claim 14, characterised in 
that the third liquid crystal state is the same type of 
state as the first liquid crystal state. 

5 16. A method as claimed in claim 15, characterised in 
that the first liquid crystal state is a V-state and the 
second liquid crystal state is an H-state. 

17. A method as claimed in claim 15, characterised in 
10 that the first liquid crystal state is an H-state and the 

second liquid crystal state is a V-state. 

18. A method as claimed in claim 14, characterised in 
that the first liquid crystal state is a HAN-state, the 

15 second liquid crystal state is an H-state, and the 
third liquid crystal state is a V-state. 

19. A method as claimed in claim 14, characterised in 
that the first liquid crystal state is a HAN-state, the 

20 second liquid crystal state is a V-state, and the third 
liquid crystal state is an H-state. 

20. A method of manufacturing a substrate comprising 
the steps of: 

25 

a) providing a high pre-tilt alignment layer (12); 
and 

b) rubbing one or more selected areas of the 
alignment layer (12) so as to reduce the pre-tilt 

30 of the rubbed area(s) and leaving at least one 

unselected area of the alignment layer (12) un- 
rubbed so as to retain the high pre-tilt. 

21. A method as claimed in claim 20, characterised by 
35 the further step of 

c) masking the alignment layer (12) except for the 
one or more selected areas, the step (c) being car- 
ried out before the step (b). 

40 22. A method as claimed in claim 20 or 21 , character- 
ised in that the un-rubbed alignment layer has a pre- 
tilt of substantially 90°. 

23. A method as claimed in claim 20 or 21, character- 
*s ised in that the un-rubbed alignment layer produces 

a conical alignment condition. 

24. A method as claimed in any one of claims 20 to 23, 
characterised in that the alignment layer (12) is a 

50 polymer alignment film. 

25. A substrate produced by a method as defined in any 
one of claims 20 to 24. 

55 26. A liquid crystal display device characterised by a 
substrate as defined in claim 25. 

27. A liquid crystal display device as claimed in claim 
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26, characterised in that the device is a parallax bar- 
rier. 

28. A liquid crystal display device as claimed in claim 
26, characterised in that the device is a HAN device 5 
having two or more liquid crystal domains. 
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